IU/mL. Forty-six percent of patients had an anti-Xa activity >1.0 IU/mL. Anti-Xa levels during and after dialysis were significantly correlated ( r = 0.803, p < 0.01). No thrombotic or haemorrhagic complications were observed in this study. Correlation of APTT with anti-Xa activity was poor. Conclusion: Anti-Xa activity measurements during dialysis can identify patients in whom LMWH dosage should be lowered in a subsequent dialysis session. Whether such an intervention leads to a decrease in haemorrhagic complications needs to be evaluated in prospective studies.
LMWHs over UFH is that, in most cases, a single bolus at the start of the HD session is sufficient for appropriate anticoagulation and a lower bleeding complication rate has been reported in several studies [5] .
However, literature on the optimal LMWH dosage for ECC clotting prevention is scarce and available studies do not agree on a standardized dosing protocol [5] [6] [7] [8] . In current clinical practice in the Netherlands, the initial LMWH dose is based on patient bodyweight, consistent with national guidelines, which were based on the European Best Practice guidelines [2, 9] . Patients with a weight below 50 kg receive 2,500 IU LMWH at the start of dialysis, while patients heavier than 50 kg receive a dosage of 5,000 IU. The nephrologist re-evaluates this LMWH dosage every HD session and adjusts the dosage based upon the occurrence of thrombotic or haemorrhagic events. The goal of this approach is to administer the lowest possible dose of LMWH to achieve optimal anticoagulation while preventing haemorrhagic complications [9] . Ideally, an uneventful previous dialysis session should therefore trigger the clinical nephrologist to consider a decrease in LMWH dosage.
To tailor the LMWH dosage for the individual patient, it may be useful to objectively monitor LMWH effectiveness during dialysis. With the development of automated assays to directly measure the factor Xa-inhibiting effect of LMWHs, a tool for monitoring LMWH therapy during dialysis is readily available [10] . However, guidelines on how to use the anti-Xa activity for this purpose are lacking and no consensus has been reached on the target range or on the optimal time point for measurement of the anti-Xa activity during dialysis [7, 11] . The summary of product characteristics (SMPC) of the LMWH Dalteparin advises an anti-Xa target range of 0.5-1.0 IU/mL during dialysis [12] . However, all putative anti-Xa target ranges described in literature have not been validated for the prevention of ECC clotting through randomized control trials, making their clinical relevance and applicability unclear. As LMWHs are administered with the sole purpose to prevent coagulation of the ECC, anti-Xa activity levels should be undetectable or at least below the target range after dialysis to prevent increased haemorrhagic risks for patients. Also anti-Xa target values at the end of the dialysis session have been previously reported, for example, an anti-Xa activity <0.4 IU/mL by Sridharan et al. [7] .
In this study, we retrospectively evaluated our HD cohort for concurrence of the administered dose of the LMWH Dalteparin with the dose advised in the national guideline [9] . By measuring anti-Xa activity levels before, during and after HD, we aimed to gain more insight in the value of objective laboratory monitoring of LMWH. Because of the still limited availability of the anti-Xa activity assay in hospital laboratories, we performed a subanalysis to assess the activated partial thromboplastin time (APTT) as an alternative parameter to gain insight into the overall coagulation status in prevalent HD patients.
Patients and Methods

Study Protocol
In this single-centre, open-label, cross-sectional study, we included all prevalent in-centre HD and post-dilution haemodiafiltration patients of the Catharina Hospital Eindhoven, who received the LMWH Dalteparin as anticoagulant. Patients gave informed consent for participation in this study. Exclusion criteria were age below 18 years, pregnancy, hypersensitivity to LMWHs, history of heparin-induced thrombocytopenia, major trauma or surgery within the 2 weeks prior to enrolment or withdrawal of consent. The use of anticoagulants, such as vitamin K antagonists (VKA), was not considered an exclusion criterion. We chose this strategy to reflect the real-time situation in our dialysis clinic, in which patients are dosed with LMWH during dialysis irrespective of concomitant use of other anticoagulants. The study was approved by the Hospital Board and conducted following the Good Clinical Practice Guidelines.
Blood for determination of anti-Xa activity, prothrombin time (PT), INR and APTT was drawn from the inlet lines of the dialysis machine at the start of dialysis, 15 min after LMWH administration, corresponding to the peak anti-Xa activity [11] and at the end of dialysis. The standard duration of dialysis was 4 h. Sampling was performed during 2 dialysis sessions with an interval of 1 month. The results for the anti-Xa activity were evaluated retrospectively and did not influence the decision of the attending nephrologist on the LMWH dosage administered.
Before the start of dialysis, patients received an initial bolus of LMWH intravenously, which ranged from 1,250 to 7,500 IU. According to the national guidelines, dosage was initially based on pre-dialysis weight and was adapted over time based either on thrombotic events or on uneventful dialysis sessions [9] . Dialysis was started immediately after the application of the first LMWH bolus. During and after the dialysis treatment, the ECC was checked for fibrin deposition and clot formation. When the time of compression necessary to stop bleeding from the puncture site exceeded 15 min, it was noted in the patient chart as prolonged. Individual patient characteristics and dialysis and clinical parameters were derived from digital patients' charts. The anti-Xa activity target range of 0.5-1.0 IU/L was based on the SMPC of the LMWH Dalteparin [12] .
Laboratory Tests
Samples for analysis of anti-Xa activity were collected in 0.109 M sodium citrate tubes (Vacutainer, Beckton Dicksinson, Breda, the Netherlands), which were centrifuged within 30 min after blood draw at 2,500 RCF for 15 min. 
Statistical Analysis
We used t tests and Mann-Whitney U tests, with p < 0.05 as a threshold for statistical significance, to compare clinical and laboratory parameters, depending on their distribution. To analyse potential differences between the anti-Xa activity measurements at the 2 times points, we used a Wilcoxon Signed Rank test before pooling the sample results. All analyses were performed with SPSS version 23.0 (IBM SPSS Statistics for Windows, version 23.0, Armonk, NY, USA).
Results
Study Cohort and LMWH Dosage
Out of the 106 eligible patients who gave consent to participate in the study, the complete set of blood samples of both dialysis sessions could be obtained for 83 patients. Reasons for exclusion were intercurrent illness ( n = 3) or unavailability of the complete blood set of anti-Xa activity measurements in month 1 ( n = 14) or month 2 ( n = 9; Fig. 1 ).
Patients' characteristics of the total cohort, the study cohort and the excluded cohort are presented in Table 1 . Patients in the final study cohort had a lower prevalence of diabetes mellitus (28.9 vs. 34.0%, p = 0.02) and vitamin K antagonist usage (26.5 vs. 56.5%, p = 0.01) than patients in the excluded study cohort ( Table 1 ). The administered Dalteparin dosage was slightly, but significantly lower in the excluded patient cohort compared to the study cohort (4,345 vs. 4,512 U/mL, p = 0.02; Table 1 ). The majority of patients received either 5,000 or 2,500 IU Dalteparin prior to dialysis (online suppl. Table 1 ; for all online suppl. material, see www.karger.com/ doi/10.1159/000479390). Artificial kidneys that were used in the eligible patient cohort were Polyflux 210 H (55.7%), Polyflux 17L (40.5%) and Hospal Nephral (3.8%).
Anti-Xa Activity before, during and after Dialysis
After confirmation that the anti-Xa activity levels did not significantly differ between the 2 study months, all measurements from the 83 included patients were pooled ( Table 2 ). Anti-Xa activity at the start of the dialysis session was undetectable in 91% patients (median 0.0 [25th and 75th percentile 0-0] Table 2 ). Post-dialysis median anti-Xa activity was 0.32 IU/mL (25th and 75th percentile 0.24-0.48) in the first study month ( Table 2 ) . Anti-Xa activity during dialysis significantly correlated to anti-Xa activity post-dialysis (Pearson correlation coefficient 0.803, p < 0.01). In 61% of all cases, Dalteparin dosage was correct for patient body weight. Within this category, in exactly 50% of cases, an anti-Xa activity within the range of 0.5-1.0 IU/mL was achieved 15 min after Dalteparin administration, while in 46% of cases, anti-Xa activity exceeded 1.0 IU/mL ( Table 3 ). All patients with a Dalteparin dosage above the dosage advised by the guideline based on their bodyweight (10% of all cases) achieved an antiXa activity above 0.5 IU/mL during dialysis, with the majority (65% within group) having an anti-Xa activity of >1.0 IU/mL. Out of the patients for whom Dalteparin dosage was lower than the recommended dosage for bodyweight (29% of all cases), two third reached an anti-Xa activity range above 0.5 U/mL during dialysis (out of which 54% fell within the range of 0.5-1.0 IU/mL), while one third had an anti-Xa activity of <0.5 IU/mL.
After dialysis, an anti-Xa activity level <0.5 IU/L was found in 75% of cases. During this study, no coagulation problems of the ECC occurred. Only minimally prolonged bleeding time (<5 additional min) was observed in 4 patients.
Analysis of APTT during Dialysis
Because of the still limited availability of the anti-Xa activity assay in hospital laboratories, we assessed to what extent the APTT assay might provide insight into the Dalteparin dosage in dialysis patients. Taking all patient results into account, we found poor correlation between the anti-Xa activity and the APTT with an R 2 value of 0.269 ( Fig. 2 ) . However, it was apparent that an APTT longer than 175 s always corresponded to anti-Xa level exceeding 1.0 IU/mL. 
Discussion
We measured anti-Xa activity to objectively evaluate the LMWH dosage regime in our HD patient cohort. Anti-Xa activity levels before the start of dialysis were <0.5 IU/mL, confirming previous findings that LMWHs do not accumulate in HD patients [11] . The median (25th-75th percentile) anti-Xa activity levels during dialysis in this study, 0.82 IU/mL (0.60-1.11) for the first and 0.77 IU/mL (0.60-1.05) for the second month, are lower than the peak anti-Xa level during dialysis described by Nigten et al. [11] ; in their study it was found that 9 HD patients had an overall range of 0.71-1.24 IU/mL anti-Xa activity . Apart from the larger patient cohort analysed in this study, a possible explanation for the lower anti-Xa activity found during dialysis could be the different antiXa reagent used. An important factor that introduces variability in the anti-Xa activity measured is the addition versus omission of exogenous antithrombin to the anti-Xa assay, which has been previously shown in the estimation of UFH and rivaroxaban concentrations [13, 14] . Some anti-Xa reagents contain antithrombin to correct for in vivo antithrombin deficiency, as LMWHs need to complex with antithrombin to be able to bind and deactivate factor Xa [15] . Especially in patients with long-term use of LMWH, acquired antithrombin deficiency can develop when antithrombin production does not equal antithrombin loss through clearance of the LMWH-antithrombin complex, as was also found for patients on long-term UFH therapy [16] . In our study, the Stago Liquid anti-Xa assay without supplementation of exogenous antithrombin was used for anti-Xa activity measurement, which could possibly lead to lower antiXa levels measured in antithrombin-deficient patients. In comparison, in the study of Nigten et al. [11] , the antithrombin-supplemented Biophen Heparin reagent was used. The previously mentioned anti-Xa target ranges do not specifically state whether anti-Xa activity should be determined with or without addition of exogenous antithrombin. This underscores the uncertainties of anti-Xa activity-based LMWH dosage in patients on in-center HD.
The SMPC of the LMWH Dalteparin advises a target range of 0.5-1.0 IU/mL anti-Xa activity during dialysis [12] . This target range likely originates from a clinical validation of Enoxaparin in the prevention of deep vein thrombosis after hip replacement [17] . Although the clinical efficacy of this anti-Xa target range has not been validated for the use of Dalteparin in the prevention of coagulation of the ECC during dialysis, we evaluated the correspondence of this target range to the LMWH dosing schedule based on patient bodyweight. It was striking that Pooled data of the 83 included patients. only half of the patients who received the correct LMWH dose based on their bodyweight actually reached an antiXa activity level within the above-mentioned target range. Elevated anti-Xa levels during dialysis were found to relate to higher anti-Xa activity levels post-dialysis, with almost a quarter of the total patient cohort leaving the dialysis clinic with an anti-Xa activity exceeding 1.0 IU/mL. However, from this study it was not apparent that a higher anti-Xa level also translated into an increased bleeding risk, as no bleeding complications were reported. The clinical consequences of increased anti-Xa levels during and after dialysis need to be assessed in future prospective studies.
During the study period, we also did not observe clinically significant coagulation of the ECC, independent of the anti-Xa activity measured. Even in the group of patients who received lower LMWH dosages than advised based on their weight and did not reach the anti-Xa activity target range of 0.5-1.0 IU/mL, adequate dialysis was still possible. That a lower anti-Xa activity could still be adequate for efficient dialysis has also been suggested in other studies, which advise a lower target range compared to the Dalteparin SMPC [5, 10] . The following observation also argues for a possible decrease in LMWH dosage in a selection of dialysis patients. In daily practice, an increase in LMWH dosage because of clotting complications of the ECC is often perpetuated in subsequent dialysis sessions. In the ideal situation, the LMWH dosage should be decreased again after several adequate dialysis sessions in which coagulation of the ECC does not occur. However, in the busy daily routine of the dialysis clinic, decreasing the LMWH dosage upon a series of uneventful dialysis sessions might not get the priority and attention of the attending clinician. We, therefore, believe that periodic assessment of anti-Xa activity during dialysis can actively identify patients in which the nephrologist should consider decreasing the LMWH dosage. Due to the design of this study, we can only hypothesize if aiming for a lower anti-Xa activity level during dialysis still enables optimal dialysis efficiency while reducing haemorrhagic risk.
In this study, we also assessed to what extent the APTT could give information on LMWH levels during dialysis, as the anti-Xa assay is not readily available in some hospital laboratories. The APTT is used for monitoring therapy with UFH but is thought to be less appropriate for guiding LMWH dosage due to its relative insensitivity to LMWHs [15] . However, as the APTT depends on the factor Xa available in patient plasma, we hypothesized that significant LMWH levels during dialysis would also reflect in the APTT. It should be mentioned that the PT/INR is unfit for monitoring LMWHs as the PT reagent used in this study neutralizes LMWH levels up to 1.5 IU/mL antiXa activity. Upon comparison of APTT with anti-Xa activity during dialysis, we found a poor correlation, preventing the direct translation of APTT in anti-Xa activity. However, from our data it became apparent that an APTT >175 s always corresponded to an anti-Xa activity of >1.0 IU/mL. The APTT might therefore be of value to identify a small selection of patients in whom decrease of LMWH dosage should be attempted, when anti-Xa activity measurement is not at hand. The above-mentioned APTT cut-off point obviously differs between different types of APTT reagents, and should therefore be validated by individual laboratories.
Some limitations to our study design need to be acknowledged. First, the degree of clotting of the ECC was assessed subjectively, without the use of a predefined scoring system. In this way, subtle differences in ECC clotting status between patients might not have been recognized in an optimal manner. Second, as previously stated, the anti-Xa target range to which we correlated the weight-based LMWH dosing protocol was not validated for clinical efficacy in the prevention of ECC clotting. Even though no hard evidence exists for this target range, the data we find in this study suggest that anti-Xa measurements can be used to identify patients in whom titration to a lower LMWH dosage should be considered. It seems legitimate in the prevention of haemorrhagic complications to reduce LMWH dosage to the lowest level that is still effective for anticoagulation. Future studies are needed to delineate a clinically effective anti-Xa target range, and should also incorporate recommendations on optimal time of anti-Xa sampling during dialysis and preferred anti-Xa reagent. Finally, one could argue that inclusion of patients on VKA is a limitation of our study. However, in daily practice in the dialysis clinic, this kind of patients also recieves LMWH during dialysis, and no distinction is made in dosing protocol between VKA users and non-users. Therefore, we feel it is important to include VKA users in our analyses to reflect the real-time situation. As no bleeding or thrombotic complications occurred in our study, we cannot determine the effect of VKA use on either of these events. To further evaluate how the use of VKA reflects in laboratory parameters, we performed a sub-group analysis for VKA users versus non-users for anti-Xa activity level and APTT during dialysis (online suppl. Fig. 1 ). From this analysis, it became apparent that peak APTT clotting times were significantly longer for VKA users, while no significant effect of VKA use on anti-Xa activity levels was observed. This finding triggers a debate on the matter as to which parameter offers the best reflection of overall patient coagulation status. Factor deficiencies will come to light in a prolonged APTT, but also factors that are not associated with in vivo coagulation, such as lupus inhibitors, will influence the APTT [15] . On the other hand, the anti-Xa activity is a more direct measure of LMWH but does not take the overall patient coagulation status into account. Our data support the notion that the APTT reflects factor deficiencies due to the use of VKA, which remain undetected in the anti-Xa activity assay. From a clinical perspective, this might implicate an increased bleeding risk in dialysis patients with concomitant use of VKA. The guidelines for LMWH dosing we assessed in this study do not advise a different strategy for VKA users; however, it seems advisable to tightly monitor these patients for bleeding complications and reduce LMWH dosage if necessary. As stated previously, no clinically relevant bleeding events were recorded in our study. The clinical validity of this putative VKA effect on bleeding risk warrants further study, in which patients starting with dialysis should also be included, as complications might be more evident in the initial phase of titration to appropriate LMWH dosage.
Conclusion
In conclusion, this study provides evidence that periodic measurement of the anti-Xa activity can aid in the identification of dialysis patients amenable for further lowering of LMWH dosage. Whether such an intervention reduces patient risk of post-dialysis haemorrhagic complications is a topic that should be assessed in future prospective studies.
